has been proved valid in numerous engineering applications. Because the governing equation of Fourier's law is parabolic, it leads to in nite propagation velocities for thermal disturbances, which contradicts the basic physical principles. To resolve this problem, many researchers developed some modi cations of Fourier's law. The technical circumstances in which the deviation from Fourier's model becomes signi cant may be encountered, for instanc, in microelectronic devices such as IC chips, laser pulse heating of extremely short duration or a very high heat ux for the annealing of semiconductors, laser surgery in biomedical engineering, and impulse drying. In such systems, the predicted results cannot correspond satisfactorily to experimental data because the Fourier law includes the hypothesis of the heat disturbance in nite propagation velocity (Qui et al., 1994) . Almost 136 years after Fourier proposed the law of heat conduction, in 1958, a modi ed non-Fournier heat ux equation has been developed by several researchers. Cattaneo (1958) , Vernotte (1958) , and Morse and Feshbach (1953) subsequently developed a thermal wave model by introducing a relaxation time for a heat ux in the form
where 0 is the so-called relaxation time. The energy conservation law is given by
where g denotes the internal energy generation rate per unit volume. Inserting Eq. (1) into Eq. (2), the hyperbolic heat transport equation takes the form
where Q(x, t) is the source term. Several solutions for nite media have been given in the literature. Tang and Araki solved the problem of non-Fourier heat conduction in a nite medium under harmonic periodic surface disturbance, laser-pulse (Tang and Araki, 1996) and pulse surface heating (Tang and Araki, 2000) . Barletta and Zanchini (1997) examined analytically the hyperbolic conduction in an in nite cylinder with internal heat generation produced by Joule effect and convection heat exchange with a surrounding uid. Using the CV heat ux equation they studied the propagation of thermal waves in a long solid cylinder whose boundary temperature undergoes a change (Barletta and Zanchini, 1996) . The equations were solved analytically by Laplace transform. Lewandowska and Malinowski (1998) have solved analytically the CV hyperbolic equation for a semi-in nite body, with the heat source whose capacity is linearly dependent on temperature. Lewandowska and Malinowski (2006) presented an analytical solution for the case of a thin slab symmetrically heated on both sides, with the heating being treated as an internal source with the capacity dependent on coordinate and time. Jiang (2006) used the Laplace transform method for investigating the hyperbolic heat conduction process in a hollow sphere with its two boundary surfaces subjected to sudden temperature changes. Moosaie considered the non-Fourier heat conduction in a nite medium and proceeded to the case of an arbitrary periodic (Moosaie, 2007) and nonperiodic (Moosaie, 2008) surface disturbances using the Fourier integral representation of arbitrary nonperiodic functions. Babaei and Chen (2008) investigated the hyperbolic thermoelastic problem of an annular n whose base temperature is subjected to a sudden change by using an ef cient numerical scheme involving the hybrid application of Laplace transform. Their results showed that the application of hyperbolic shape functions can successfully suppress the numerical oscillations in the vicinity of jump discontinuities. Zhou et al. (2008) present a two-dimensional (2D), axisymmetric thermal wave model of bioheat transfer to investigate a laser-induced damage in biological tissues. They showed that the bioheat non-Fourier effect can be important when the thermal relaxation time of biomaterials is moderately long. The non-Fourier axsymmetric three-dimensional temperature eld within a hollow sphere with general linear time-independent boundary conditions was analytically investigated by Moosaie (2009) . The method of solution is the standard separation of variables. Ahmadikia and Rismanian (2011) obtained the analytical scheme in solving the problem of hyperbolic heat conduction in the n that is subjected to every periodic boundary condition using the Laplace transform method. Their results obtained from the hyperbolic heat conduction model successfully explained the non-Fourier thermal wave behavior in a small n for a fast phenomenon (high-frequency periodic boundary condition). analytically solved the Pennes bioheat transfer models by employing the Laplace transform method for small and large values of re ection power (albedo) during laser irradiation. They concluded that the nonFourier effect should be considered during laser heating with low albedo, because errors in the predicted temperature values may occur. used the linear evolution of latent heat over the solidi cation range for the nonisothermal phase change. They obtained the in uence of this discontinuity and the relaxation time on the temperature distribution through the subject tissues; the cooling rate and freezing position are studied and different results are obtained. Their results indicated that the enthalpy method is highly capable of solving heat conduction problems in the solidi cation process. Bamdad et al. (2012) studied non-Fourier effects in extended surfaces. Their results showed that for all non-Fourier ns at initial times, the location of the discontinuity point depends only on the values of both the time and the relaxation time. Also, the temperature of the discontinuity point depends only on the values of time, relaxation time, and cross-sectional area. Moreover, the cross-sectional area affects the amplitude of the re ected thermal wave from the n tip in a way that there is no re ected thermal wave in concave non-Fourier ns. Azimi et al. (2012) estimated the unknown base temperature in inverse non-Fourier n problems with different pro les, and also estimated two different time distributions of the unknown base temperature using an ef cient inverse method. Their results showed that the estimation of the unknown base temperature is not very sensitive to the measurement errors. Also, they showed that the ACGM is an accurate and stable inverse technique, which can successfully estimate the unknown base temperature in different non-Fourier ns without any a priori information of unknown function values or shapes. Kishor and Kirtiwant (2012) considered a nonhomogeneous heat conduction problem in a thin hollow circular disk in an unsteady-state temperature eld due to internal heat generation within it and discussed the temperature change and thermal de ection. Their numerical results were compared with different metal disks. They concluded that, due to the internal heat generation in thin hollow circular disks, the thermal de ection is inversely proportional to their thermal conductivity. Wang and Han (2012) studied an interface crack in a two-layered composite media under an applied thermal ux by using the hyperbolic heat conduction equation. They used the Laplace transform and its inversion and obtained a time-related solution. They concluded that the nonclassical heat conduction model is important in studying the cracks and defects in modern devices and materials under strong thermal shock. Subhash and Sahai (2012) used the lattice Boltzmann method to analyze the non-Fourier heat conduction in 1D cylindrical and spherical geometries. They showed that when temporal and spatial resolutions tend to zero, the macroscopic form of the governing HHC equation is recovered from the LBM formulation.
Review of these articles show that various solutions are studied in various works. From each work, different aspects of non-Fourier heat conduction was studied and therefore different results were obtained each of which could be useful in its position. However, the lack of a general study in terms of nonzero boundary condition and nonzero initial conditions with internal heat generation in these studies is observed. Therefore, it seems that the research can make a good contribution to obviate the shortcomings inherent in other works.
Also, the experimental setup for modeling light sources and in particular lasers to melt and subsequently recrystallize thin semiconductor layers on insulators, such as oxidized wafers and bulk amorphous substrates (in this work, this layer is modeled as a slab composed of an isotropic heat conducting material) is very dif cult. For overcoming this problem, we obtained an analytical solution for a non-Fourier problem in a slab with different boundary conditions at both sides. Our simulation has shown a good potential for applications to the commercial VLSI technology.
In this paper, an exact solution is presented to the problem of non-Fourier heat conduction in a slab with nonzero boundary and initial conditions. As stated later, with application of the solution structure theorems along with the superposition technique, we can obtain analytical solutions to this problem. Finally, in this work some important observations are mentioned in the conclusion.
FORMULATION

Non-Fourier Heat Conduction
Let us consider a slab composed of an isotropic heat conducting material with different boundary conditions at both sides: a constant heat ux s q on the left boundary and a constant temperate T s * on the right boundary (see Fig. 1 ). In order to get nondimensional equations, the following dimensionless variables are introduced into Eqs.
(1), (2), and (3):
The dimensionless governing equation can be written as follows:
The relevant boundary conditions are expressed in terms of the above dimensionless variables as
(1, ) The relevant initial conditions are assumed in terms of the above dimensionless variables as
In this study, the internal energy generation term, g, for laser application is de ned as (Ready, 1978) 
with 0 0 2 (1 )
where I 0 is the amplitude of laser peak power density, is the absorption coef cient, and R is the surface re ectivity of the solid. This model assumes no spatial variations of g 0 in the plane perpendicular to the laser beam.
Method of Superposition and Solution Structure Theorems
One of the oldest, simplest, and most widely used techniques for solving some types of heat conduction equations is the superposition technique. This method can be applied to linear heat transfer problems with nonhomogenous terms. A partial differential equation is called linear if the unknown function and its derivatives have no exponent greater than one, and if there are no cross terms. In this method, a complicated problem is split into multiple simpler problems which in turn can be combined to obtain a solution to the original problem. The method of superposition relies upon the assumption that the original problem, Eq. (7), can be divided into ve subproblems by setting the heat generation term, Eq. (8), the initial conditions, Eqs. (11) and (12), and the boundary conditions, Eqs. (9) and (10), at different values in each subproblem:
(2) ( , ) ( ) 0
(4) ( ) ( ) ( , ) 0
(5) ( ) ( ) ( , ) 0
Solutions to these suproblems are assigned, sequentially, as T 1 , T 2 , T 3 , T 4 , and T 5 . Therefore, the general solution to the original heat conduction equation, Eq. (17), is the sum of subproblems 1 through 5. Note that T 1 , T 2 , T 3 , T 4 , and T 5 represent the individual contributions of the initial rate of temperature change, initial condition, internal heat generation, and of the constant temperature * s T to the right boundary and of the constant heat ux s q to the left boundary in order to complete the temperature solution.
Subproblems 1 to 3 can be easily solved with application of the solution structure theorems (Lam and Fong, 2011) once the solution to subproblem 1 is known. Also, subproblems 4 and 5 can be easily solved by using the separation-of-variables ariables method. With application of the solution structure theorems, the solutions to subproblems 1 to 3 can be written as follows:
where T 1 (x, t) is obtained by using the Fourier method. The quantities T 2 (x, t) and T 3 (x, t) can readily be obtained by applying the solution structure theorem. It means that only the solution to subproblem 1 is required to nd the solutions to subproblems 2 and 3. Then T 4 (x, t) and T 5 (x, t) will be obtained by using the method of the separation of variables. Finally, the general solution to the original heat conduction equation is the sum of subproblems 1 to 5.
Formulation of the Problem
There are a lot of examples of non-Fourier heat conduction problems with different boundary conditions, but these problems are limited to insulated boundaries or the boundaries with a zero temperature. In this paper, we obtain the general analytical solution to the problem of non-Fourier heat conduction in a slab where the left boundary is subjected to a nonzero constant heat ux and the right boundary to a nonzero constant temperature. Let us rst consider the solution to subproblem 1. This subproblem is solved with the condition ( , ) ( ) 0 f x t x . Therefore, the equation of this subproblem and the initial and boundary conditions are written as
By the theory of Fourier series expansion, the general solution to the equation is
Now, by using the solution structure theorems, we have
g e e t x = (22) where
( 2 1) 
Finally, 4 ( , ) T x t and 5 ( , ) T x t can readily be obtained by using the separation-ofvariables method. Subproblem 4 is solved by the condition
4 (1, )
After some mathematical manipulations, one can obtain 4 1 0 2 sin 2 sin ( , ) sin cos
where
By applying the superposition technique, the partial differential equation governing the hyperbolic heat conduction problem is split into ve subproblems. Subproblems 1 through 5 represent the individual contributions of the initial rate of change in the temperature, initial condition, internal heat generation, constant temperature * s T at the right boundary and constant heat ux s q at the left boundary to the nal temperature, which are given by Eqs. (20)- (32), respectively. It can be noted from these equations that all the temperature pro les from 1 ( , ) T x t to 5 ( , ) T x t be in the form of an in nite series. Figure 2 shows the contribution of various temperature components at different times for a slab that has the left boundary with a constant heat ux and the right boundary with a constant temperature T s = 15. From this gure we can see that at small times (t < 0.1), the contribution of 1 T and 2 T dominates over that of 3 T that contributes little to the overall temperature. The quantity 5 T plays a bigger role (especially near the left wall) and 4 T plays the biggest role near the right wall. It can be noted that the contribution of T 4 is limited only to the region 0.75 < x < 1, and has the zero value in the range 0 0.75 x at (t < 0.1). Hence, we conclude that for small time the contribution of 5 T and 1 T dominates over that of 2 T , 3 T , and 4 T . This occurs because rapid temperature changes take place after 0 t . The heat input due to the gradient from the initial condition and heat input from the laser source at x = 0 contribute to the large 1 T term. Also, the constant heat ux from the left boundary at 0 x contributes to the large 4 T term. As time increases (Figs. 2b and 2c) , the contribution of 3 T to the total temperature rises. The rising of 3 T is due to the incoming energy that comes from the left boundary. As time reaches t = 1 (Fig. 2d) , the quantity 4 T plays a more dominant role in the overall temperature. This means that the temperature of the right wall is penetrating into the domain and in this time, the whole domain will be affected by this temperature. Note that in these gures, all the temperature contributions are sloping to zero at x = 1 except for 4 T . The temperature pro le within the slab at different exposure times from 0 t to 5 t is illustrated in Fig. 3 . It can be observed from Fig. 3a that the temperature near the left wall will be affected rapidly compared to the downstream region of the slab. This occurs because the incoming energy and the constant heat ux are concentrated near this boundary and the effect of the right wall temperature (T 5 ) on the temperature pro les is not felt. As time progresses, more energy will be transported to the downstream region of the slab. It is obvious that the temperature pro les have similar shapes at the mentioned time level. As shown in Fig. 3b , as time progresses from t = 0.1 to t = 1, the similarity in the pro les is broken down. The energy from the left boundary penetrates into the domain and an in ection can be observed in the pro les. However, as the internal heat generation is a function of time, and due to the incoming energy from the right wall, the temperature will start retreating at approximately t = 2 (Fig.  3c) . On the other hand, for t > 2 the temperature at the left boundary decreases and it will eventually decrease in the entire domain. It can be noted that the right hand side boundary was set at T s = 15 and therefore the temperature would eventually reach T s at all times. This result could be expected. Another result from the graphs is that the shape of the pro les remains nearly the same after t = 1.5. Also, after t = 4, the shapes of the pro les do not change greatly and we can conclude that the temperature pro les reach equilibrium conditions. This means that the temperature of the slab will keep increasing until the medium reaches equilibrium. In the case under consideration, the right-hand-side boundary was set at a constant temperature, and therefore it is expected that the overall temperature would eventually reach this constant value at large times. As mentioned previously, the internal heat generation is also a function of time, which decreases exponentially, so the temperature will eventually decrease as time increases. It is clear that the solutions predict the transient behavior of temperature pro les quite well. Finally, we conclude that the obtained method provides a convenient, accurate, and ef cient solution to the nonFourier equation, which is applicable to the analyses of various engineering situations. 
